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Deposition of iow surrace energy plasma polymer layers onco r 

>ward polar and nonoolar probi 
terms of Wenzels theory md the Cassie-Baxter relationshit 



1. Introduction 

Liquid repellency of solid surraces is cntical for manv 
applications: these include che prevention of icing in cold 
•veather,' stopping clotting in arar"ic:al blood vessels.- and stain- 
textiles/ [n this context, polyuetrarluoroethvlene) 
(PTFE) IS considered to be the -'benchmark" low surface ene-ay 
material, displaying water repellency^ m combinarion w.ch other 
desirable properties such as high thermal stability, chemjcaJ 
inertness and a low coefficient of friction.^ However, PTFE has 
limicacions in chat ii exhibits poor repelJency toward low surface 
tension liquids such as oils. One way to imorove liquid 
repellency is to combine chemical and geometric factors-*-^ 
previous attempts have included fractal surfaces.' funcdonal- 
izauon of roughened substrates with perfluoroalkyl groups,'-'° 
compression of submicron diameter PTFE spheres,"-'- plasma 
deposition in the powder regime,'^"'* and others.'"-^" A new 
approach is described in this article comprising plasmachemicai 
roughening of PTFE substrates fallowed by the deposiuon of 
low surface energy plasma polymer layers. X-ray photoelectron 
spectroscopy (XPS). atomic force rmcroscopv (AFM), and 
contact angle analysis have been used to radonali'ze the observed 
enhancement in liquid repellency. 



2. E.xperimental Section 

Two types of PTFE substrate were emoloved in these 
suidies: fiat sheet (Goodfellow. 0.25 mm thickness), and porous 
film (Tetratex. 50 urn thickness. 0.1 urn pore size). Plasma 
treatments were carried out in an inductively coupled cyiindncai 
reacpr (3 cm diameter. -170 cm^ volume, base pressure of 6 x 
LO ' mbar. and a leak rate-' of better than 6 :< 10"^ .-nol s"') 
This was connected to a thermocouple pressure sause and a 
gas/monomer inJet. and pumped by a -wo-staae Edwards .^otar^- 
pump through a liquid .nitrogen cold L-ap. .A .T.atc.hi.ng L-C 
c-.rcuit was used to .minimize the standing wave ratio TSWR) 
between a 13.56 VIHz .rf power supply and -.he eiect.ricaJ 
cischarge. Frier to each experi-aiental ran, :he .-eacrcr -.vss 



Trhe' wuh -v"'" ''''' reassembled and cleaned 

runher wuh a ;0 W air plasma for 30 min. .Ve.xt a ' ^^i x ^ 
cm piece or PTFE substrate was placed into che center'of rhl 
reactor, ana either 0.2 mbar of oxygen gas (BOC 9Q -7o puri" 
now rate = 1 cm^ mm"') wa5 introduced for plasma rcu^heama 
or 0.1 mbar of i^^. l//.2//,2.¥-heotadecaf]uorodecvl .ct^re 
vapor (Fluorochem. 98% punty. funher punxled using ^ui'tioie 
rreeze-thaw cycles, flow rate ^ 1.4 x 10"^ kg s-^ -.as used 
tor coatmg deposidon. .^fter 5 mm of purging, che e!ectr.c=2 
discharge was ignited. Upon termination of surface modification/ 
deposition, the gas/monomer vapor was aUowed to conunue to 
pass over die substrate for a furdier 5 min, prior to ventina ro 

'ihTh ^T^X'''^^''^''^ P"''"^ P'^"^^ polymerization' of 
l^.l/f._//.2/f-heptadecaf]uorodecyl acrylate. die rf power suo- 
ply was tnggered by a signal generator and momtored usin-'a 
cathode ray osciUoscope. The peak power (P„ = 40 uuh^ 
on-penod (r,„ = 20 us), and pulse off-period (w = 20 Oob .s) 
.or plasma polymer deposidon had been optimized in a previous 
smdy'-3 to yield a cndcai surface energy on a flat .las 
substrate of = 4.3 mN m"'. " 

A VG ESCALAB MKH electron spectrometer fitted widi a 
nonmonoc^omated Mg Ka X-ray source ri253 6 eV) and ^ 
hemlSphencal analyzer operating in the CAE mode (^'0 -V 
""'-r"'"i """''^ photoelectron spectro'sco'oy 
(XPS) analysis. Tne photoelecu-ons were collected at a take- 
off angle or 30<= from the substrate normal, which corresponds 
to a sampling depth of appro.ximately 10-15 .A for the C.'ls) 
peak .XPS envelopes were fitted using a Marquardt mini- 
m.^aaon computer program wich linear backaround subtraction 
and rixed width Gaussian peak shapes.:^ Elemental concntra- 
c.ocs were calculated using ins'^ment se.nsidvirv factors 
cetermined .rem chemical standards, where C.'Is):Ons)-ns] 
equals ! .00:0.36:0.23, respectively. X-ray beam damase was 
= ounc CO cause iess :han i% change in the F:C rat.o dGnn. a 
.y.ical X^S scan. This was sufficiently small chat no chance in 
^ne Cfls) snveiope was discernible. 

A Dignai Instruments Na^^cscope HI atomic rbrce mjcrcsccoe 
■"•as 'jsca to examine the physical scrjcture of rht -■h':-'"-i- 
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TABLE 1: Probe Liquid Contact Angles for Flat and 
Porous PTFE Substrates- 



rlat 



unireaied ! 16 = 2 

Ot plasma 131 = -i 

plasma polymer 131 =3 

Oz plasma - plasma polymer = 1 



33 = i 1 15 z 
92 = 3 133 : 



' Oxygen plasma ireatment was earned cut at 50 '.V for 5 min. The 
error values represent the standard deviation obtained rVom five 
measurements. 

graphic variations across a surface.-^ All of the AF?vI images 
"A^ere acquired in air and are presented as unfiitered data. Root- 
mean-square (rms) roughness values were obtained from 10 wm 
X 10 //m images.-* 

Sessile drop contact angle measurennents were carried out at 
20 "C using video capture apparatus in combination with a 
motonzed synnge (.A.S.T. Products VC.A2500XE). The contact 
angle image was acquired within 15 s of dispensing 3. 2 uL 
size liquid drop, and then checked after 60 s for any relaxation. 
No reduction in volume was evident over these time scales, 
except for the wickang behavior reponed in Table I. Punned 
water (B.S. 3978 grade 1) and decane (Aldrich) were used as 
the probe liquids. 

3. Theory 

When a drop of liquid rests on a surface, unless spreadina 
takes place, the liquid— vapor interface will form a finite angle 
(9) with the assumed planar solid surface.-'' The relationship 
berween the surface tension, y, and the contact angle. 9, is given 
by Young's equadon;-^ 



- /si = Xiv cos 9 



(1) 



where /jv, y,i, and yw are the surface energies of the solid- 
vapor, solid— liquid, and the liquid— vapor interfaces, respec- 
dvely. However, such surfaces are rarely smooth in practice, 
and the effect of roughness must be considered. 

If the surface is tnicroscopically rough (but not so rough as 
to form voids at the solid— liquid interface), then the roughness 
factor r (denned as the rario of true surface area compared to 
projected surface area) can be taken into account using the 
Wenzel equadon;*-' 



cos 9,^ 



(2) 



where the subscripts W and Y correspond to the Wenzel and 
Young angles, respectively. Since the roughness is always 
greater than 1, it can be seen ;hat roughness will accentuate ;he 
wetting/repellency behavior of a solid; i.e.. if ihe intrinsic contact 
angle for a liquid on a solid sunace is iess/greater than 90°. 
roughening ihe surtace -.viil reduce.'increase the contact aneie, 
■hereby promoting liquid wetting/repellency in accordance with 

However, if there :s sufficient .'oushness for air to become 
trapped in :he voids ber.veen the soiid and liquid to form a 
comcosite i.ntsrface. -.hsn Cassie and Ba-^ter's ^C3'i -.xr."-.-«-,r,-. 
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where /„ and ^ are the fractional coverages corresponding :o 
:he soiid-liquid and liquid-air interracial areas. In this case 
Che depth of the crevices at the surface does not alter the contac: 
angle, and rherefore :he width of the aspirates and the distance 
between ;hem are -.he cntical parameters. 

Comparison of -Jie Cassie- Baxter equation with the Wenzel 
equation shows :hat :he main difference between composite (air 
tracpecl and rough surfaces is chat for most finite contac: anale 
values; :he former predicts greater contac: angles relative to The 
corresponding imooth sunace. whereas this only holds true in 
the latter case when contact angles exceed 90°' contact angle 
on the flat substrate (i.e., less than 90° on a smooth surface 
gives rise to a smaller contac: angle upon roughening).= i 

Finally, in the case of very rough/porous surfaces, and 
depending upon the surface tension of the probe liauid. wetting 
can shift from an interfacial phenomena to a capillar/ effec't 
culminating in wicking.^---^^ 

4. Results and Discussion 

Water has a higher surface tension (v = 72.3 mN m"') 
compared to decane (y = 23. S mN m"') and therefore it exhibits 
a larger contac: angle on flat PTFE (y^ = IS.i mN m-').^'*-:-^ 
An increase in water contac: angle is observed on going to the 
porous PTFE substrate^'' in accordance with the Cassie- Baxter 
reladonship^o (Table 1), whereas the lower surface tension 
decane spreads out. probably as a consequence of caoiUary 
phenomenon into the large pores. ^^-^^ 

Oxygen plasma treatment is known to microroughea PTFE 
without permrbing its chemical idenuty.^'-^' -j^g occurs as a 
consequence of ions and high-energy photons from the electrical 
discharge impinging upon the polymer surface to generate free 
radical sites, which dien react ^^nth atomic or molecular oxygen, 
followed by polymer chain scission.'^''*' AFM confirmed °hat 
surface roughening takes place (Figure 1), while XPS verified 
the absence of any chemical change at the surface,-'^ since only 
the characteristic CF, peak at 291.2 eV. and its corresponding 
Mg Ka3.4 satellite peak shifted by ~9 eV toward lower binding 
energ/^ were present (Figure 2). Oxygen plasma surface 
roughening produced a corres pondi ng rise in water contact 
angle^*-" for both types of PTFE substrate (although there 
is no variadon in the criucal surface tension of the PTFE • 
substrate-''^) (Figure 3). Both electrical discharge power and 
duration of plasma exposure were found to influence the water 
contact angle. Oxygen plasma treatment at 50 W for 5 min was 
chosen as the opdmum conditions for the remaining studies. 
The increase in decane contact angle for the Hat PTEE'substrate 
suggests that sufficient surface roughening occurs in order to 
produce an air-PFTE composite surface which obeys the 
Cassie-Baxter reiadonship,^' radier than just a mere increase 
in interfacial area, which according to Wenzei's relaaonshio 
would have led to a decrease in contact angle (since the contact 
angle of decane is iess than 90° on flat PTES')-* (Table 1). In 
■.he case of the porous PTFE subsa-ate, capillar;/ action persists 
for decane even after oxygen plasma roughening. 

Deposition of approximately a 10 nm laver of IH.lH.l.^'.lH- 
he p; adecaf! u o ro dec y 1 ac r.- 1 ate pulsed plasma polymer cr.ic ±s 
.Hat and porous PTFE substrates gave rise ; 



:;ch probe liquids. 
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i^^J^xri^ °^ untreated flat PTFE substrate, nns rouahnes. - 97 nm . « . 

of flat PTFE substrate for 5 cnii, at 50 W. uns roughness = 32^:^ -~ n .^7\'^=^" = ^'^^-^^ ^'^ foUowing oxygen plasma treatment 

am. r scale = 2 ...m: (d) foUowing o.ygen pJasma Katment of rro;;^ ^.I,h,Z' ^''""^'^ P°™"^ substrate ^ rou.Sne?s = -02 

Depos.on of a .0 ^ U.u. repe^ent p.asma po.ymer tr^.U^-tZ^^t^: f — 7. ^ = ' 

checked by using lower surface tension probe liauids Hexane 
wa. ound to wick in. and hence the pores had no'Slen bloS 
by plasma polymer. Therefore, the et^ancemet^t 'n toe 
cofTCItt angle must be due to liquid repellency. TWs s cons LtTnc 
o7?he .E"" ['"^ '""^ fargreateMha. the th™ 
or :he plasma polymer layer (10 nm). He gas permeabilitv 
mea^urements^o ^^^^^^^^ ^. ^^^^ -J^^^T ' 

^.^X r".""^ ^^P°^i^^d P'^ma polymer laver 

was cnecked by-rutmg che C(ls) XPS spectra co -\w 
components-'-^ CH. at 285.0 eV. C-C(0)=0 a 7 . 7 

a .89.0 eV. CF, at 29 1. 2 eV, and CF, at 293.reV r^her- are 

.oward lower omcmg energy-^). On this basis. 46 7 ^'o :)f 
sunace ccns-is^ed ct CP: groups, and U.6 ± i.ScTwas" r^- 
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10 20 30 40 50 60 70 

Plasma Exposure / min 

Figure 3. Water contact angle for Hat ajid porous PTFE s 

following oxygen plasma treatment as a function of (a) electrical 
discharge power for 2 min; and (b) treatment time at 50 W (the porous 
PTFE membrane was restricted to short exposures due to its fragile 
nature). Lines of best fit are shown, and the error bars represent the 
standard deviation obtained from ;lve measurements. 
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the Wenzel relationship would have predicted a de—- a-^e 
coatac: angle).^'--" Similar behavior for low surface Tension 
.iquids nas been obser-/ed upon roushenms other r/ces Df 
substrate which form composite interfaces."^- --^ In fac- -he 
decane comae: angle obtained for the Diasma Doivm-- --^-.Je^ 
mjcrorcughened porous PTFE substrate aocea^s to be ^^»nr/- 
than most other reconed oil repeilenc systems, ^o-'"-:^-^* ' ' 

5. Conclusions 

Oxy gen plasma macroroughening of nonoorous and -xpajided 
PTFE substrates enhances water reoellencv. However 'owe- 
sunacs tension liquids such as decane wick out on oorous FTFE 
as a consequence of capillary action. Deposition of a low surfac- 
Mergy plasma polymer coating on top of these microrou-hened 
PTFE surraces rurcher improves liquid reoeilencv. wuh de-ane 
no longer penetrating into the subsurface of :he exoanded FTF^ 
substrate as a consequence of the greater contact ansle formed 
at the liquid-solid interface. Wenzel-'s theor:/ does "not aooear 
to stand up tor this experimental system, whereas the Ca^sie- 
Baxter relationship is more appropriate. 

.■\cknowledgment. S.R.C. would like to thank DEILa for a 
Ph.D. studentship. 
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Figure 4. Photogitiph of 6 uL water droplet placed on the porous PTFE 
substrate which has been oxygen pias.-na reaied for 5 min at :0 TV 
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